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Hypercortisolemia is one of the clinical features found in depressed patients. This
clinical feature has been mimicked in animal studies via application of exogenous
corticosterone (CORT). Previous studies suggested that CORT can induce behavioral
disturbance in anxious-depressive like behavior, which is associated with suppressed
neurogenesis. Hippocampal neurogenesis plays an important role in adult cognitive
and behavioral regulation. Its suppression may thus lead to neuropsychiatric disorders.
Similar to the effects of CORT on the animals’ depression-like behaviors and
neurogenesis, social deprivation has been regarded as one factor that predicts poor
prognosis in depression. Furthermore, social isolation is regarded as a stressor to
social animals including experimental rodents. Hence, this study aims to examine if
social isolation would induce further emotional or anxiety-like behavior disturbance
and suppress neurogenesis in an experimental model that was repeatedly treated
with CORT. Sprague-Dawley rats were used in this study to determine the effects
of different housing conditions, either social isolated or group housing, in vehicle-
treated control and CORT-treated animals. Forced swimming test (FST), open field test
(OFT) and social interaction test (SIT) were used to assess depression-like, anxiety-like
and social behaviors respectively. Immunohistochemistry was performed to quantify
the number of proliferative cells and immature neurons in the hippocampus, while
dendritic maturation of immature neurons was analyzed by Sholl analysis. Social
isolation reduced latency to immobility in FST. Furthermore, social isolation could
significantly reduce the ratio of doublecortin and bromodeoxyuridine (BrdU) positive
cells of the neurogenesis assay under CORT-treated condition. The current findings
suggested that the behavioral and neurological effect of social isolation is dependent
on the condition of hypercortisolemia. Furthermore, social isolation may possibly
augment the signs and symptoms of depressed patients with potential alteration in
neurogenesis.
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INTRODUCTION
Major depressive disorder is well characterized to be associated
with the altered feedback control of hippocampus on the
hypothalamic-pituitary-adrenal (HPA) axis with an over
production of glucocorticoids (Smith and Vale, 2006).
Hypercortisolemia is thus a common clinical feature that
has been observed in patients with depression (Axelson et al.,
1993). The abnormal increase in glucocorticoid level may in
turn cause further hippocampal damage thereby impairing
hippocampal-related functions, such as learning and memory
as observed in patients (O’Connor et al., 2000). In accord with
the depressive symptoms presented by patients with depression,
similar symptoms were also reported in patients receiving
glucocorticoid therapy (Brown and Suppes, 1998) indicating
the linkage between high levels of cortisol and depressive
symptoms. Based on the clinical findings of hypercortisolemia,
chronic injections of corticosterone (CORT) have been one of
the adopted methods for the study of depression in rodents. It
aims to mimic the hypercortisolemia featured in patients with
depression. Accumulating evidence has shown that exogenous
injections of CORT may produce anxiety and emotional changes
in animals (Skórzewska et al., 2006). Though the face and
construct validity of using this animal model may not be as high
as applying the environment-induced stress model, exogenous
CORT injections have been shown to produce less variable
behavioral results possibly due to the standardized level of
circulating CORT (Sarah et al., 2006).
Social isolation is one of the environmental factors that
exacerbate depression (Sharp and Lipsky, 2002). This was
supported by a long-term follow-up study in which patients with
social isolation demonstrated a high risk of recurrent depressive
episodes (Riise and Lund, 2001), while social interaction was
reported to facilitate recovery from depression (Cheung et al.,
2016). For rodents, being a social species, social isolation is
regarded as a potent stressor for inducing physiological changes
which include alterations in learning, aggression and reduced
body weight (Beery and Kaufer, 2015). Furthermore, it has been
linked to other depression related physiological outcomes such as
reduced dopamine signaling (Heidbreder et al., 2000) and altered
neurogenesis (Famitafreshi et al., 2015).
Adult neurogenesis primarily occurs in the subventricular
zone of the lateral ventricles and the subgranular zone within
dentate gyrus (DG) of the hippocampus (Ruan et al., 2014).
It plays an important role in regulating cognitive and
behavioral functions of adult mammals by increasing or
replacing neurons in the central nervous system (Imayoshi
et al., 2009). Moreover, it is regarded as one of the hypothesis
for the mechanism underlying depression. Santarelli et al.
(2003) have reported the requirement of adult hippocampal
neurogenesis for the efficacy of antidepressants. In detailed,
the study has demonstrated that with the disruption of
antidepressant-induced neurogenesis, the behavioral responses
to antidepressants were blocked. This suggested that adult
neurogenesis is possibly related to the pathophysiology of
depression and explained the reason of delayed improvement
for mood-related symptoms observed in patients with
antidepressant treatments (Drew and Hen, 2007; Ruan et al.,
2014).
In contrast to the ‘‘neurogenesis hypothesis of depression’’,
several studies have shown that a direct inhibition of adult
neurogenesis did not induce any depression symptoms in
animals (Revest et al., 2009; Surget et al., 2011). These studies
suggested that the neurobiology of depression may possibly rely
on different aspects of brain functioning in which the process of
adult neurogenesis should not be the only factor that contribute
to the depressive symptoms (Castro et al., 2010; Lavergne and Jay,
2010). Adult neurogenesis has been suggested it can buffer stress
response and depressive behaviors (Snyder et al., 2011). Hence,
reduced neurogenesis may result in increased depression-like
behavior when the individual is under stress (Petrik et al., 2012).
Therefore, it was of our interest to investigate how different
stressors are interacted in relations with adult neurogenesis
in rodents with the presentations of depression and anxiety
symptoms.
Injection of exogenous CORT has been well documented
to reduce neurogenesis on both neurogenic sites (Lau et al.,
2007; Brummelte and Galea, 2010). Furthermore, the decreased
neurogenesis by CORT treatment was found to be correlated to
the depressive phenotypes as reflected by increased immobility
time of forced swimming test (FST) in animals (Fenton et al.,
2015). Social isolation, another stressor, has previously been
shown to alter the process of neurogenesis and the behavior
among isolated animals (Fone and Porkess, 2008). Consistent
with the reduced hippocampal neurogenesis, higher levels of
anxiety was found in isolated, non-human primates (Cinini
et al., 2014). In contrast to the effects of reducing neurogenesis,
several studies reported that social isolation could enhance
cell survival in the hippocampus. The possible explanations
may be due to the different strains of animals adopted in
the experiments. In addition, the enhanced cell survival was
proposed to maintain neuroplasticity under stressed conditions
(Taylor, 2006; Lieberwirth and Wang, 2012; Ruscio et al., 2015).
However, the possible effects of social isolation on neurogenesis,
particularly when under a depressed state, deserve further
investigation.
The present study aims to examine if the effects of social
isolation on neurogenesis and the development of both anxiety
and emotional related behaviors can possibly interact with
a high CORT level in rodents. It was hypothesized that
social isolation would impair hippocampal neurogenesis and
exacerbate depression-like and anxiety-like behaviors in animals
with or without CORT treatment.
MATERIALS AND METHODS
Animals and Grouping
The experimental protocol was approved by the Animal
Subjects Ethics Sub-committee of The Hong Kong Polytechnic
University. Twenty-six adult male Sprague–Dawley rats weighted
400 g ± 100 g were used in this study. The animals were
kept under a 12:12-h light/dark cycle at 22◦C and provided
with free access to food and water. All animals were kept
Frontiers in Behavioral Neuroscience | www.frontiersin.org 2 February 2017 | Volume 11 | Article 18
Chan et al. Corticosteroid Interacts with Social Isolation on Neurogenesis
in laboratory cages of 2–4 animals per cage in good health
condition before the experiments. Before allocating into groups,
the animals were weight matched in order to minimize the
group differences in body weight. Their body weight was
reassessed on the last day of experiment to evaluate the change,
if any, in 14 days. A decreased body weight would indicate the
efficacy of CORT injection (Sarah et al., 2006; Marks et al.,
2009).
The animals were divided into four groups, with each group
receiving different treatment injections in either group housing
or social isolation conditions. The four groups were: Group 1:
Vehicle-treated group in group housing condition (Gp_Vehicle;
n = 6); Group 2: Vehicle-treated group in social isolation
condition (Iso_Vehicle; n = 6); Group 3: CORT-treated group
in group housing condition (Gp_Cort; n = 7) and Group 4:
CORT-treated group in social isolation condition (Iso_Cort;
n = 7). Figure 1 summarizes the treatment schedule of this
study.
Treatment Injections
The chemicals for treatment injections were supplied by Sigma-
Aldrich Co. (St Louis, MO, USA). Group 1 and 2 received
vehicle injection (Propylene glycol; 0.5 ml/day; by subcutaneous
injection), while the CORT-treated groups (Groups 3 and 4)
received repeated high-dose CORT injection (40 mg/kg/day; by
subcutaneous injection) that was sufficient to induce moderate
to severe level of depression-like behavior in rodents as shown
in previous studies (Sarah et al., 2006; Marks et al., 2009). The
CORT was dissolved in propylene glycol before administration.
At the last day of treatment, two dosages of bromodeoxyuridine
(BrdU; 100 mg/kg) with an interval of 10 h were administered
through intraperitoneal injection to label dividing cells for cell
proliferation assay.
Housing Conditions
The animals in social isolation condition (Group 2 and 4) were
housed individually in laboratory cage (43 cm (L) × 27 cm
(W) × 16 cm (H)) for 14 days (Abramets et al., 2005). The
animals in group-housing condition (Group 1 and 3) were kept in
laboratory cage of same dimension for the same period in groups
of 3–4 animals per cage.
Behavioral Tests
All of the behavioral tests were videotaped for behavioral analysis
by an experimenter blinded to the animal groupings. During
behavioral tests, the equipment was thoroughly cleaned between
tests using a dilute 0.4% (v/v) acetic acid solution for minimizing
potential olfactory cues.
Open Field Test (OFT)
Each animal was placed individually in the central region
of a squared open arena formed by a high black acrylic
plastic box (72 cm (L) × 72 cm (W) × 40 cm (H)) for
evaluating their explorative behavior in open field for 10 min.
During video reviewing, the computer screen image of the
squared open arena was divided into 16 square grids. The
central 4 square grids were used to represent the central zone
of the open field. The total time spent on central zone as
‘‘centrality’’ and the number of squares crossed as ‘‘locomotor
activities’’ during the 10 min test was recorded for each
animal. A higher level of anxiety-like behavior is marked by
decreased centrality and locomotor activities (Gould et al.,
2009).
Social Interaction Test (SIT)
In each test, two animals that met for the first time
were randomly selected from separate cages for evaluating
FIGURE 1 | Fourteen days treatment schedule and behavioral tests. The group housing or social isolated conditions together with either corticosterone
(CORT) or vehicle injections were carried out continuously for 14 days. The open field test (OFT) and the pre-test of forced swimming test (FST) was carried out on
Day 14. The social interaction test (SIT) and the actual test of FST was performed on Day 15 followed by euthanasia the day after, Day 16. Bromodeoxyuridine (BrdU)
was injected for proliferating cell tracing on Day 14.
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their frequency of social contact or investigation with an
unfamiliar conspecific in 10 min. Two animals were firstly
introduced to the center of a squared open arena formed
by a high black acrylic plastic box (72 cm (L) × 72 cm
(W) × 40 cm (H)). During video reviewing, the total number
of positive social interaction with partner was recorded for
each animal. This included social grooming, smelling, following
and crossing the partner. A higher level of anxiety-like
behavior is characterized by a lower frequency of positive
social interaction (File and Hyde, 1978). The frequency
of positive social interaction was additionally used as a
behavioral marker of prosocial or affiliative behavior in this
study.
Forced Swimming Test (FST)
Four hours after the last injection at day 14, a pretest was
conducted by placing the animals individually in a cylinder
filled with 23 ± 2◦C tap water at 30 cm depth for 15 min to
induce learned helplessness. A 10 min actual test was conducted
24 h after the pre-test. During video reviewing, the total
immobility time and the latency to immobility throughout the
10-min test were recorded. A higher level of depression-like
behavior is characterized by increased total time spent immobile
and decreased latency to become immobile (Porsolt et al.,
1978).
Tissues Processing and Immunochemistry
Animals were anesthetized with intra-peritoneal injection of
overdose sodium pentobarbital (100 mg/kg) and transcardially
perfused with normal saline, followed by 4% paraformaldehyde
(PFA). After perfusion, adrenal gland of each animal was
extracted and weighted. The ratio of adrenal-gland-to-body-
weight was calculated to reflect the detrimental effect of CORT
treatment on adrenal function. The brains were dissected
and post-fixed in 4% PFA overnight and were left in
cryoprotection with 30% sucrose. Cryosections with 40 µm
thickness were prepared in 1-in-12 series by a cryostat in
randomization. Brain sections were affixed on gelatin-coated
slides for immunohistochemistry. Antigen retrieval was first
carried out in 0.1 M sodium citrate buffer (pH 6.0 at 90◦C)
for 20 min. BrdU staining was done by incubating the sections
in 2 N hydrochloric acid at 37◦C for 25 min, followed by
neutralization with 0.1 M sodium borax buffer (pH 8.5) at
room temperature for 10 min. The primary antibodies were:
(1) rat anti-BrdU (1:300; Abcam, Cambridge, MA, USA);
and (2) rabbit anti-doublecortin (DCX; 1:200, Cell Signaling
Technology, Beverly, MA, USA). Biotinylated goat anti-rabbit
secondary antibody (Vector Laboratories, Inc., Burlingame, CA,
USA) was applied on sections for peroxidase staining of BrdU
and DCX, after overnight incubation with primary antibodies
at room temperature. Signal was amplified by avidin–biotin
couple (Vector) and visualized with diaminobenzidine (Sigma-
aldrich, St Louis, MO, USA). Immunofluorescence staining
was done by incubating the sections with both anti-BrdU
and anti-DCX antibodies at room temperature overnight,
followed by incubation in secondary antibodies (Alexa Fluor
488 goat anti-rat and Alexa Fluor 568 goat anti-rabbit, 1:200,
Molecular Probes, Eugene, OR, USA) at room temperature
for 2 h.
Cell Proliferation Assay
Quantification of BrdU-immunoreactive cells (BrdU-ir) and
DCX-immunoreactive (DCx-ir) cells was performed as described
previously (Leuner et al., 2012). The BrdU-ir and DCX-ir
cells are markers of proliferating cells and immature neurons,
respectively. Slides were analyzed by an experimenter blinded
to the groupings. The number of immunoreactive cells in
the DG was counted on every 12th section of the right
brain at 400× magnification. By using unbiased stereology
with a semi-automated StereoInvestigator (MicroBrightField,
Williston, VT, USA) system, quantification of BrdU-ir cells in
the hippocampus (sections from 2200 to 4800 µm posterior to
bregma) was performed. The parameters for the analysis are as
follows: counting frame size as 60 µm × 60 µm, guard zone
height as 7.5 µm and dissector height as 15 µm. Six coronal
sections were counted per animal. The resulting cell counts were
multiplied by 12 in order to obtain unilateral estimation for
the total proliferative cell number in the DG (Leuner et al.,
2012).
Analysis of Dendritic Complexity of Immature
Neurons
Sholl analysis was applied to investigate the dendritic complexity
(Wang et al., 2008). Ten DCX-ir cells with tertiary dendrites
in DG were selected randomly in each animal and they were
observed under 400× magnification. Microphotographs were
taken and imported into ImageJ software (National Institutes of
Health, Bethesda, MD, USA) with Sholl analysis plug-in (The
Ghosh Lab, UCSD, La Jolla, CA, USA). Concentric circles were
drawn on the neurons in every 10 µm radii increment and up
to 200 µm away from soma when the neurons were traced in
ImageJ. Dendritic complexity is assessed based on the numbers
of intersections formed by the dendrites and concentric circles.
A higher number of intersections indicate a more complex
dendritic structure.
Statistical Analysis
All statistical analyses were conducted with IBM SPSS Statistics
version 23 (IBM Corporation, CA, USA). The dataset was
firstly analyzed by non-parametric Kruskal-Wallis followed by
Dunn-Bonferroni post hoc test for pairwise comparison. The
physiological, behavioral and cell quantifications were presented
in box-plot graphs which the median is used for the central
tendency and with the interquartile range of upper 75% and
lower 25% percentiles. Repeated measures ANOVA was used to
evaluate the changes in dendritic complexity from 10 to 200 µm
away from soma of immature neurons in each group. Based on
the prior knowledge that the branches of dendrites grow more
extensively starting from 50 ± 10 µm away from soma (Po
et al., 2015), a two-stage analysis (Tabachnick and Fidell, 2001)
was employed to locate the area where between-group difference
in dendritic complexity occurred. The level of significance was
set at p < 0.05. The sampling distribution of each variable was
expressed as mean± standard error of mean (SEM).
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RESULTS
Effects of Social Isolation and CORT
Treatment on Adrenal Gland and Body
Weight
CORT treatment significantly reduced body weight (Figure 2A)
and adrenal-gland-to-body-weight ratio (Figure 2B) of rats
under both group housing and social isolated condition. Social
isolation did not cause significant changes in body weight and
adrenal weight ratio under vehicle-treated condition compared
to vehicle-treated with group housing condition.
Effects of Social Isolation and
Corticosterone Treatment on Animal
Behaviors
Depression-Like Behaviors and Anxiety
Non-parametric pairwise comparison has shown that only
under both social isolated and with CORT-treated conditions
FIGURE 2 | Effects of social isolation and CORT treatment on (A) body
weight change and (B) adrenal-gland-to-body weight ratio in 14 days
analyzed by Kruskal-Wallis test followed by Dunn-Bonferroni correction
post hoc test for pairwise comparison. ∗p < 0.05, ∗∗p < 0.01.
(Iso_Cort), the rats were found with increased immobility time
(Figure 3A, p < 0.01) and decreased latency to immobility
compared to the vehicle-treated with group housing animals
(Gp_Vehicle; Figure 3B, p< 0.01). Furthermore, social isolation
(Iso_Vehicle) can decease the latency to immobility compared
to the vehicle-treated with group housing animals (Gp_Vehicle;
Figure 3B, p< 0.01).
The non-parametric pairwise comparison has shown
no significant difference between groups for the animal’s
performance in the open field test (OFT) in terms of the animals’
time spent in the center of the arena and their locomotor activity
(Figures 3C,D).
Positive Social Interaction Behaviors
The demonstration of positive social interactions of animals was
reduced under both social isolated and CORT-treated condition
(Iso_Cort) compared to the social isolated and vehicle-treated
animals (Iso_Vehicle; Figure 3E, p < 0.01). The Iso_Vehicle
animal group demonstrated significantly more positive social
interactions than the Gp_Cort animal group (Figure 3E,
p< 0.05).
Effects of Social Isolation and CORT
Treatment on Hippocampal Neurogenesis
Kruskal-Wallis followed by post hoc test for pairwise comparison
has shown a significant decreased in the hippocampal
proliferating BrdU cells (Figure 4A, p < 0.01) and DCX/BrdU
ratio (Figure 4C, p < 0.05) in CORT-treated rats under
social isolated condition (Iso_Cort) compared to the vehicle-
treated rats with the same housing condition (Iso_Vehicle).
Furthermore, the Iso_Cort animals have significant lesser
BrdU positive cells compared the animals with group housing
(Gp_Vehicle; Figure 4A, p < 0.05). Animals under social
isolated condition (Iso_Vehicle) have significant more BrdU
positive cells (Figure 4A, p < 0.05). And a higher DCX/BrdU
ratio (Figure 4C, p < 0.05) compared to the group housing
CORT-treated animals (Gp_Cort). A marginal difference
was found between Iso_Vehicle and the Gp_Cort groups
for the quantification of DCX positive cells (Figure 4B,
p = 0.054) which the Iso_Vehicle group has more DCX
positive cells found in the hippocampus. The quantification
of the above cell types were summarized in Table 1 and
the representative photomicrographs are illustrated in
Figures 4D–P.
Effect of Social Isolation and CORT
Treatment on Dendritic Complexity
Repeated measure ANOVA was conducted using the number
of intersections formed by dendrites of immature neurons
on concentric circles as dependent variable. The within-
subjects variable was the distance measured from 10 µm
to 200 µm, a total of 20 data points, away from soma,
while the between-subjects factors were housing condition and
treatment. The results indicated that a higher complexity of
dendritic branches was found in vehicle-treated with group
housing from 50 µm to 80 µm away from soma compared to
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FIGURE 3 | The latency to immobility and positive social interaction of animals are affected under social isolation with CORT-treated condition.
(A) Mild stress caused by social isolation compounded with CORT-treatment increased total immobility time and (B) decreased in latency to immobility in the FST.
Furthermore, social isolation only also reduced the latency to immobility time; no significant difference were found in between groups for (C) time spent in center
zone and (D) locomotor activity of the OFT; (E) animals with CORT-treated were exhibited decreased positive social interactions in SIT under social isolation. Data
were analyzed by Kruskal Wallkis followed by pairwise comparison, ∗p < 0.05, ∗∗p < 0.01; (Gp_Vehicle: n = 6; Gp_Cort: n = 7; Iso_Vehicle: n = 6; Iso_Cort: n = 7).
other treatment groups. From 90 µm to 150 µm away from
soma, significant decrease in dendritic complexity was found
in both CORT-treated groups under both living conditions
compared to the vehicle-treated with isolation group. Further at
160 µm away from soma, CORT-treated with social isolation
has shown a significant decrease in dendritic complexity
compared with the vehicle-treated with social isolation group
(Figure 5).
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FIGURE 4 | Social isolation can decrease neurogenesis assay under CORT-treated condition. Under social isolation, CORT-treatment decreased the
number of (A) BrdU positive cells and (C) the ratio of DCX/BrdU in the hippocampus. This effect could not be observed in the quantification of DCX positive cells
only in (B). Data were analyzed by Kruskal Wallkis followed by pairwise comparison, ∗p < 0.05, ∗∗p < 0.01; (Gp_Vehicle: n = 6; Gp_Cort: n = 7; Iso_Vehicle: n = 6;
Iso_Cort: n = 7). Representative photomicrographs of BrdU-positive cells in Veh + GH (D), Cort + GH (E), Veh + ISO (F) and CORT + ISO (G) group animal;
representative photomicrographs of the quantifications of DCX- positive cells in Veh + GH (H), Cort + GH (I), Veh + ISO (J), CORT + ISO (K); the photomicrographs
of the DCX positive cells with 200× magnification of different groups are illustrated in (L–O) BrdU positive cell (red) expressing DCX positive cell (green) with DAPI
(blue) which is showed by Immunofluorescent photomicrographs (P) at 400× magnification. Veh, vehicle-treated; CORT, corticosterone-treated; GH, group housing;
ISO, social isolated. Scale bar: 50 µm.
DISCUSSION
The present study examined the effects of social isolation
on hippocampal neurogenesis and emotional behaviors
in a model of hypercortisolemia. This study has provided
evidence that CORT treatment can decrease the positive social
interaction and affects hippocampal neurogenesis in social
isolated rats. Though we have shown that social isolation alone
can affect the latency to immobility in FST, it did not suppress
hippocampal neurogenesis as expected. The discrepancies
found among different studies are discussed in the
following.
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TABLE 1 | Quantification of BrdU and DCX positive cells.
Treatments BrdU positive cells DCX positive cells DCX/BrdU ratio
Mean Standard deviation Mean Standard deviation Mean Standard deviation
Gp_Vehicle 3738.267 959.921 8420.5 4779.842 0.55 0.072
Gp_Cort 2094 929.619 3784.269 2491.186 0.454 0.129
Iso_Vehicle 5403.981 1003.795 9509 3236.947 0.674 0.097
Iso_Cort 1664.771 652.125 4582.857 2756.164 0.467 0.05
Social Isolation Induced Depression-Like
Behavior but Not Anxiety-Like Behavior
and the Enhancement of Neurogenesis
This study showed that social isolation has the effect of
decreasing latency in immobility in FST. However, our findings
did not support the hypothesis that social isolation increased
anxiety-like behavior in OFT and social interaction test (SIT).
Such phenomenon could be associated with the potentially
more adaptive ability of the adult rats recruited in this study
in response to an unfamiliar environment in an open arena
and meeting with conspecifics in such a social environment.
Therefore, they responded differently from those younger rats
which displayed anxiety-like-behavior in OFT (Djordjevic et al.,
2008; Lukkes et al., 2009) and SIT (Lukkes et al., 2009; Shoji
and Mizoguchi, 2011). In addition, this study utilized a 14-day
social isolation paradigm. It differed from a study which reported
that elevated HPA axis activity is implicated in high level
of distress among male Wistar rats after a prolonged social
isolation period of 21 days (Lukkes et al., 2009). In other words,
social isolation for 14 days may represent a comparatively mild
stress, especially for adult rats. Therefore, they might be able to
withstand the stressors in the unfamiliar environments of both
OFT and SIT. Although our current study showed that social
FIGURE 5 | Main effect of CORT treatment on the dendritic complexity.
Suppression of dendritic complexity was detected from 60 to 200 µm away
from soma (F(1,23) = 19.99, p < 0.001). Values are expressed as
mean ± standard error of mean (SEM) and analyzed by one-way ANOVA.
∗p < 0.05: comparison between Gp_Vehicle with three other groups.
#p < 0.05: Iso_Vehicle compared with Gp_Vehicle and Iso_CORT respectively.
a < 0.05: Iso_Vehicle compared with Iso_CORT. Gp, group housing;
Iso, social Isolated; CORT, corticosterone-treated.
isolation under CORT-treated condition can induce immobility
in FST which has been commonly regarded as an indicator of
depression-like behavior. It should be noted that the immobility
behaviors demonstrated in rodents could be dependent on
different baseline levels among different strains and genetic
background (Powell et al., 2012). In addition, the immobility
and social interaction performance in these tests may be due to
panic or agitation as demonstrated among individuals. There is a
limitation in this study that only FST was applied for measuring
the depressive-phenotypes. Some other behavioral tests, such
as tail suspension test, will be needed alternatively to further
validate the depressive-phenotypes demonstrated in rodents.
Contradictory Effects of Social Isolation on
Emotional Behavior and Neurogenesis
The effects of social isolation has been previously demonstrated
to induce depression-like behaviors in rodents which has
been reported by other groups to be associated with altered
hippocampal neurogenesis (Famitafreshi et al., 2015). Though
the current study demonstrates that social isolation can reduce
the latency to immobility in FST, current results did not
demonstrate the reduction in neurogenesis by social isolation
alone. A possible explanation is that neurogenesis may not
solely contribute to the etiology of depression. A few studies
have reported that the ablation of hippocampal neurogenesis
in rodents did not induce any depression-like or anxiety-like
behavior in rodents (Santarelli et al., 2003; Sahay and Hen,
2007). This indicates that the alterations of neurogenesis may
not be directly correlated to the development of emotional
or anxiety-like behavior. Indeed, the heterogeneity of findings
on depression have implied that the dysfunction of several
brain regions or other factors may be involved and disease
development may be independent of hippocampal neurogenesis.
For example, a recent report has shown that the impairments
in behavioral changes induced by social isolation are associated
with the alteration of myelination and related glial cells in the
prefrontal cortex (Liu et al., 2016). This has provided a novel
direction of changes in glial cells associating with depression.
Another possible explanation is due to the animals’ housing
condition that we have adopted in the current experiments.
Social isolated animals were housed individually in cages with
dimension of 43 × 27 × 16 cm whereas group-housed animals
were kept in groups of 3–4 animals in cages with same dimension.
The group cages in this study may possibly be overcrowded
and thus increase stress among animals where less space is
available for each individual. It is thus suspected that the above
housing issue may possibly counterbalance the possible beneficial
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effects of a group housing condition over the social isolated
condition.
Social Isolation Stimulated Positive Social
Interactions with Conspecifics
The present study showed that mild stress induced by social
isolation for 14 days resulted in an increased frequency of
positive social interaction with conspecifics among the vehicle-
treated animals. In fact, the result parallels the findings of an
increased frequency of affiliative behaviors with conspecifics
after social isolation for 6 weeks among adult female prairie
voles (Lieberwirth et al., 2012). It possibly reflects that SD
rats and prairie voles, which are both social species, might
have an intrinsic need of finding companions through social
exploration or investigation in order to reduce anxiety (Taylor,
2006; Lieberwirth and Wang, 2012). In line with this suggestion,
several studies have also indicated a stimulation of prosocial
behavior in terms of increased frequency of social interaction or
affiliation after a prolonged period of social isolation in juvenile
male Wistar rats (Tana´s et al., 2015) and young adult male
F344/N rats (Shoji and Mizoguchi, 2011).
CONCLUSION
In summary, this study has provided preliminary evidence that
normal adult rats responded to a socially isolated environment
with increase in dendritic plasticity that indicated a higher level
of neuroplasticity. Under this mild stress condition, the enhanced
neuroplasticity may underlie the adaptive behaviors such as
social affiliation or bonding with conspecifics. However, this
innate protective mechanism, or resilience toward adversity, may
be compromised in depression.
AUTHOR CONTRIBUTIONS
All authors: design of experiment and data collection;
analysis of result; manuscript proof reading and approval
for submission.
ACKNOWLEDGMENTS
The project is supported by funding from ECS (25100714) by
University Grant Council, Hong Kong and funding (GYBJ9)
from the Hong Kong Polytechnic University.
REFERENCES
Abramets, I. I., Kidin, Y. V., Kuznetsov, Y. V., and Talalaenko, A. N. (2005).
Effects of behavioral depression and chronic influence of antidepressants on
NMDA/glutamate receptor-mediated responses of neurons of the rat gyrus
dentatus. Neurophysiology 37, 111–119. doi: 10.1007/s11062-005-0052-0
Axelson, D. A., Doraiswamy, P. M., McDonald, W. M., Boyko, O. B., Tupler, L. A.,
Patterson, L. J., et al. (1993). Hypercortisolemia and hippocampal changes
in depression. Psychiatry Res. 47, 163–173. doi: 10.1016/0165-1781(93)
90046-j
Beery, A. K., and Kaufer, D. (2015). Stress, social behavior, and resilience:
insights from rodents. Neurobiol. Stress 1, 116–127. doi: 10.1016/j.ynstr.2014.
10.004
Brown, E. S., and Suppes, T. (1998). Mood symptoms during corticosteroid
therapy: a review. Harv. Rev. Psychiatry 5, 239–246. doi: 10.3109/10673
229809000307
Brummelte, S., and Galea, L. A. M. (2010). Chronic high corticosterone reduces
neurogenesis in the dentate gyrus of adult male and female rats. Neuroscience
168, 680–690. doi: 10.1016/j.neuroscience.2010.04.023
Castro, J. E., Varea, E., Márquez, C., Cordero, M. I., Poirier, G., and Sandi, C.
(2010). Role of the amygdala in antidepressant effects on hippocampal cell
proliferation and survival and on depression-like behavior in the rat. PLoS One
5:e8618. doi: 10.1371/journal.pone.0008618
Cheung, J. S.-C., Chan, J. N.-M., Lau, B. W.-M., and Ngai, S. P.-C. (2016).
Purposeful activity in psychiatric rehabilitation: is neurogenesis a key player?
Hong Kong J. Occup. Ther. 27, 42–47. doi: 10.1016/j.hkjot.2016.04.002
Cinini, S. M., Barnabe, G. F., Galvão-Coelho, N., de Medeiros, M. A.,
Perez-Mendes, P., Sousa, M. B. C., et al. (2014). Social isolation disrupts
hippocampal neurogenesis in young non-human primates. Front. Neurosci.
8:45. doi: 10.3389/fnins.2014.00045
Djordjevic, D., Cercaci, L., Alamed, J., McClements, D. J., and Decker, E. A.
(2008). Chemical and physical stability of protein and gum arabic-stabilized
oil-in-water emulsions containing limonene. J. Food Sci. 73, C167–C172.
doi: 10.1111/j.1750-3841.2007.00659.x
Drew, M. R., and Hen, R. (2007). Adult hippocampal neurogenesis as target for
the treatment of depression. CNS Neurol. Disord. Drug Targets 6, 205–218.
doi: 10.2174/187152707780619353
Famitafreshi, H., Karimian, M., Fanaei, H., Attari, F., and Fatima, S. (2015). Social
isolation is associated with reduced neurogenesis, impaired spatial working
memory performance and altered anxiety levels in male rats.Open Access Anim.
Physiol. 7, 87–95. doi: 10.2147/oaap.s84327
Fenton, E. Y., Fournier, N. M., Lussier, A. L., Romay-Tallon, R., Caruncho, H. J.,
and Kalynchuk, L. E. (2015). Imipramine protects against the deleterious
effects of chronic corticosterone on depression-like behavior, hippocampal
reelin expression, and neuronal maturation. Prog. Neuropsychopharmacol. Biol.
Psychiatry 60, 52–59. doi: 10.1016/j.pnpbp.2015.02.001
File, S. E., and Hyde, J. R. G. (1978). Can social interaction be used to measure
anxiety? Br. J. Pharmacol. 62, 19–24. doi: 10.1111/j.1476-5381.1978.tb07001.x
Fone, K. C. F., and Porkess, M. V. (2008). Behavioural and neurochemical effects
of post-weaning social isolation in rodents-Relevance to developmental
neuropsychiatric disorders. Neurosci. Biobehav. Rev. 32, 1087–1102.
doi: 10.1016/j.neubiorev.2008.03.003
Gould, T. D., Dao, D. T., and Kovacsics, C. E. (2009). ‘‘The open field test,’’
in Mood and Anxiety Related Phenotypes in Mice: Characterization Using
Behavioral Tests, ed. T. D. Gould (New York, NY: Humana Press), 1–20.
Heidbreder, C. A., Weiss, I. C., Domeney, A. M., Pryce, C., Homberg, J.,
Hedou, G., et al. (2000). Behavioral, neurochemical and endocrinological
characterization of the early social isolation syndrome. Neuroscience 100,
749–768. doi: 10.1016/s0306-4522(00)00336-5
Imayoshi, I., Sakamoto, M., Ohtsuka, T., and Kageyama, R. (2009). Continuous
neurogenesis in the adult brain. Dev. Growth Differ. 51, 379–386. doi: 10.1111/j.
1440-169x.2009.01094.x
Lau, W.-M., Qiu, G., Helmeste, D. M., Lee, T. M. C., Tang, S.-W., So, K.-F., et al.
(2007). Corticosteroid decreases subventricular zone cell proliferation, which
could be reversed by paroxetine. Restor. Neurol. Neurosci. 25, 17–23.
Lavergne, F., and Jay, T. M. (2010). A new strategy for antidepressant prescription.
Front. Neurosci. 4:192. doi: 10.3389/fnins.2010.00192
Leuner, B., Caponiti, J. M., and Gould, E. (2012). Oxytocin stimulates adult
neurogenesis even under conditions of stress and elevated glucocorticoids.
Hippocampus 22, 861–868. doi: 10.1002/hipo.20947
Lieberwirth, C., Liu, Y., Jia, X., and Wang, Z. (2012). Social isolation impairs adult
neurogenesis in the limbic system and alters behaviors in female prairie voles.
Horm. Behav. 62, 357–366. doi: 10.1016/j.yhbeh.2012.03.005
Lieberwirth, C., and Wang, Z. (2012). The social environment and neurogenesis in
the adult mammalian brain. Front. Hum. Neurosci. 6:118. doi: 10.3389/fnhum.
2012.00118
Liu, J., Dupree, J. L., Gacias, M., Frawley, R., Sikder, T., Naik, P., et al.
(2016). Clemastine enhances myelination in the prefrontal cortex and rescues
Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 February 2017 | Volume 11 | Article 18
Chan et al. Corticosteroid Interacts with Social Isolation on Neurogenesis
behavioral changes in socially isolated mice. J. Neurosci. 36, 957–962.
doi: 10.1523/JNEUROSCI.3608-15.2016
Lukkes, J. L., Mokin, M. V., Scholl, J. L., and Forster, G. L. (2009). Adult rats
exposed to early-life social isolation exhibit increased anxiety and conditioned
fear behavior, and altered hormonal stress responses. Horm. Behav. 55,
248–256. doi: 10.1016/j.yhbeh.2008.10.014
Marks, W., Fournier, N. M., and Kalynchuk, L. E. (2009). Repeated exposure
to corticosterone increases depression-like behavior in two different versions
of the forced swim test without altering nonspecific locomotor activity
or muscle strength. Physiol. Behav. 98, 67–72. doi: 10.1016/j.physbeh.2009.
04.014
O’Connor, T. M., O’Halloran, D. J., and Shanahan, F. (2000). The stress response
and the hypothalamic-pituitary-adrenal axis: from molecule to melancholia.
QJM 93, 323–333. doi: 10.1093/qjmed/93.6.323
Petrik, D., Lagace, D. C., and Eisch, A. J. (2012). The neurogenesis hypothesis
of affective and anxiety disorders: are we mistaking the scaffolding for
the building? Neuropharmacology 62, 21–34. doi: 10.1016/j.neuropharm.2011.
09.003
Po, K. T., Siu, A. M. H., Lau, B. W. M., Chan, J. N. M., So, K. F., and
Chan, C. C. H. (2015). Repeated, high-dose dextromethorphan treatment
decreases neurogenesis and results in depression-like behavior in rats. Exp.
Brain Res. 233, 2205–2214. doi: 10.1007/s00221-015-4290-0
Porsolt, R. D., Anton, G., Blavet, N., and Jalfre, M. (1978). Behavioural despair in
rats: a new model sensitive to antidepressant treatments. Eur. J. Pharmacol. 47,
379–391. doi: 10.1016/0014-2999(78)90118-8
Powell, T. R., Fernandes, C., and Schalkwyk, L. C. (2012). Depression-
related behavioral tests. Curr. Protoc. Mouse Biol. 2, 119–127.
doi: 10.1002/9780470942390.mo110176
Revest, J.-M., Dupret, D., Koehl, M., Funk-Reiter, C., Grosjean, N., Piazza, P.-V.,
et al. (2009). Adult hippocampal neurogenesis is involved in anxiety-related
behaviors. Mol. Psychiatry 14, 959–967. doi: 10.1038/mp.2009.15
Riise, T., and Lund, A. (2001). Prognostic factors in major depression: a
long-term follow-up study of 323 patients. J. Affect. Disord. 65, 297–306.
doi: 10.1016/s0165-0327(00)00260-3
Ruan, L., Lau, B. W.-M., Wang, J., Huang, L., Zhuge, Q., Wang, B., et al. (2014).
Neurogenesis in neurological and psychiatric diseases and brain injury: from
bench to bedside. Prog. Neurobiol. 115, 116–137. doi: 10.1016/j.pneurobio.
2013.12.006
Ruscio, M. G., Bradley King, S., and Haun, H. L. (2015). Social isolation
increases cell proliferation in male and cell survival in female California
mice (Peromyscus californicus). Physiol. Behav. 151, 570–576. doi: 10.1016/j.
physbeh.2015.08.039
Sahay, A., and Hen, R. (2007). Adult hippocampal neurogenesis in depression.Nat.
Neurosci. 10, 1110–1115. doi: 10.1038/nn1969
Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., et al.
(2003). Requirement of hippocampal neurogenesis for the behavioral effects of
antidepressants. Science 301, 805–809. doi: 10.1126/science.1083328
Sarah, A., Johnson, N. M., and Fournier, L. E. K. (2006). Effect of different doses of
corticosterone on depression-like behavior and HPA axis responses to a novel
stressor. Behav. Brain Res. 168, 280–288. doi: 10.1016/j.bbr.2005.11.019
Sharp, L. K., and Lipsky, M. S. (2002). Screening for depression across the lifespan:
a review of measures for use in primary care settings. Am. Fam. Physician 66,
1001–1008.
Shoji, H., and Mizoguchi, K. (2011). Aging-related changes in the effects of social
isolation on social behavior in rats. Physiol. Behav. 102, 58–62. doi: 10.1016/j.
physbeh.2010.10.001
Skórzewska, A., Bidzin´ski, A., Lehner, M., Turzyn´ska, D., Wisłowska-Stanek, A.,
Sobolewska, A., et al. (2006). The effects of acute and chronic administration
of corticosterone on rat behavior in two models of fear responses, plasma
corticosterone concentration and c-Fos expression in the brain structures.
Pharmacol. Biochem. Behav. 85, 522–534. doi: 10.1016/j.pbb.2006.10.001
Smith, S. M., and Vale, W. W. (2006). The role of the hypothalamic-pituitary-
adrenal axis in neuroendocrine responses to stress. Dialogues Clin. Neurosci.
8, 383–395.
Snyder, J. S., Soumier, A., Brewer, M., Pickel, J., and Cameron, H. A. (2011). Adult
hippocampal neurogenesis buffers stress responses and depressive behaviour.
Nature 476, 458–461. doi: 10.1038/nature10287
Surget, A., Tanti, A., Leonardo, E. D., Laugeray, A., Rainer, Q., Touma, C.,
et al. (2011). Antidepressants recruit new neurons to improve stress response
regulation . Mol. Psychiatry 16, 1177–1188. doi: 10.1038/mp.2011.48
Tabachnick, B. G., and Fidell, L. S. (2001). Using Multivariate Statistics. 4th Edn.
Boston, MA: Allyn and Bacon.
Tanas´, Ł., Ostaszewski, P., and Iwan, A. (2015). Effects of post-weaning social
isolation and environmental enrichment on exploratory behavior and anxiety
in Wistar rats. Acta Neurobiol. Exp. 75, 72–79.
Taylor, S. E. (2006). Tend and befriend: biobehavioral bases of affiliation under
stress. Curr. Dir. Psychol. Sci. 15, 273–277. doi: 10.1111/j.1467-8721.2006.
00451.x
Wang, J.-W., David, D. J., Monckton, J. E., Battaglia, F., and Hen, R.
(2008). Chronic fluoxetine stimulates maturation and synaptic plasticity
of adult-born hippocampal granule cells. J. Neurosci. 28, 1374–1384.
doi: 10.1523/JNEUROSCI.3632-07.2008
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Chan, Lee, Lee, Hui, Chan, Fung, Sánchez-Vidaña, Lau and Ngai.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution and reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 February 2017 | Volume 11 | Article 18
